The transmembrane proteoglycan Syndecan contributes to cell surface signaling of diverse ligands in mammals, yet in Drosophila, genetic evidence links Syndecan only to the Slit receptor Roundabout and to the receptor tyrosine phosphatase LAR. Here we characterize the requirement for syndecan in the determination and morphogenesis of the Drosophila heart, and reveal two phases of activity, indicating that Syndecan is a cofactor in at least two signaling events in this tissue. There is a stochastic failure to determine heart cell progenitors in a subset of abdominal hemisegments in embryos mutant for syndecan, and subsequent to Syndecan depletion by RNA interference. This phenotype is sensitive to gene dosage in the FGF receptor (Heartless), its ligand, Pyramus, as well as BMP-ligand Decapentaplegic (Dpp) and co-factor Sara. Syndecan is also required for lumen formation during assembly of the heart vessel, a phenotype shared with mutations in the Slit and Integrin signaling pathways. Phenotypic interactions of syndecan with slit and Integrin mutants suggest intersecting function, consistent with Syndecan acting as a co-receptor for Slit in the Drosophila heart.
Introduction
Syndecans are transmembrane heparan sulfate proteoglycans (HSPGs) known to interact with a diversity of extracellular ligands, often in conjunction with other cell surface receptors(reviewed by Choi et al., 2011; Xian et al., 2009) . They are thought to play a dual role in adhesion and as regulators of signaling from the extracellular matrix (ECM) (Lambaerts et al., 2009) . Vertebrates have 4 Syndecans that differ in their tissue distribution, co-receptors, and intracellular signals. All four have a similar carboxyl terminal PDZ binding domain, and a Src/Fyn binding domain (Tkachenko et al., 2005) , although only Syndecan-4 has clearly mapped intracellular signals, requiring Protein Kinase Cα (Horowitz and Simons, 1998; Simons and Horowitz, 2001; Xian et al., 2009) . Syndecan homologs in the invertebrate models Caenorhabditis elegans and Drosophila melanogaster, share the conserved intracellular sequences, and the structural conservation is sufficient for Human Syndecan-2 to rescue Drosophila sdc function (Chanana et al., 2009) .
Vertebrate Syndecans have been implicated in modulating signals through Integrin (Bass et al., 2007) , bone morphogenic protein (BMP) (Olivares et al., 2009) , fibroblast growth factor (FGF) (Kato et al., 1998) , vascular endothelial growth factor (VEGF) (Chen et al., 2004) , and Wnt (Munoz et al., 2006) receptors, variously affecting cell polarization, adhesion, migration, determination and differentiation (as reviewed by Bernfield et al., 1999; Lambaerts et al., 2009) . For example, both Syndecan-2 and VEGF are required for angiogenic sprouting in the zebrafish, and over-expression phenotypes of VEGF are reduced in Syndecan-2 mutants (Chen et al., 2004) . Tissue culture studies suggest that heparan sulfates of the Syndecan proteoglycan retain secreted VEGF, concentrating the ligand for the VEGF receptor (Jakobsson et al., 2006) . For FGF receptors, optimal signaling requires heparan sulfate in a ternary complex with the ligand and the receptor (Bernfield et al., 1999; Pellegrini, 2001) .
Invertebrate Syndecans also reveal themselves as co-factors in diverse signaling pathways. In Caenorhabditis, the sole Syndecan homolog, sdn-1 contributes to growth cone and distal tip cell migration regulated by Slit, Netrin and Wnt signals (Rhiner et al., 2005; Schwabiuk et al., 2009) . Drosophila Syndecan modifies Slit/Robo signaling (Johnson et al., 2004; Steigemann et al., 2004) . In Drosophila, the single Syndecan homolog, sdc, contributes to axon guidance by acting as a co-receptor with Robo for the repellent signal Slit (Johnson et al., 2004; Steigemann et al., 2004) and as a ligand of LAR, a receptor tyrosine phosphatase (Fox and Zinn, 2005) . Retention of secreted repellent guidance cue, Slit, on the axons of the developing Drosophila nervous system is enhanced by axonal Syndecan (Johnson et al., 2004) . It is likely that a ternary complex of Slit, Robo and Syndecan concentrates Slit sufficiently to enhance repellent signaling through Robo (Chanana et al., 2009; Hohenester et al., 2006) .
Given the conservation of Syndecan structure and its broad patterns of expression, it is possible that studies in invertebrate genetic models have underestimated the breadth of Syndecan function. We sought to examine the contribution of Syndecan to the development of the Drosophila heart, as this relatively simple model of organogenesis requires signaling in the Integrin, FGF, Slit, BMP (Decapentaplegic, Dpp), Wnt, Notch and Hedgehog (Hh) pathways (reviewed by Bryantsev and Cripps, 2009; Tao and Schulz, 2007) . FGF ligands Thisbe and Pyramus are secreted by the ventral and lateral ectoderm to activate the FGF receptor Heartless, required to specify cardiac cell fate (Kadam et al., 2009; Klingseisen et al., 2009) . As these mesodermal cells migrate dorsally, they encounter Dpp secreting cells of the dorsal ectoderm, and through activation of the Thickveins receptor, activate expression of the cardiac specific transcription factor, Tinman (Bodmer, 1993; Frasch, 1995) . Wingless (Wg), secreted by ectodermal cells in the posterior of each segment, is required to specify cardiac fate, and prevents cells from contributing to the visceral mesoderm (Wu et al., 1995) . The Notch signaling pathway acts to both restrict the number of cardiac cells, as well as to ensure that daughter cells generate both contractile cardioblasts as well as pericardial cells (Han and Bodmer, 2003) . Hh signaling, also from the ectoderm, ensures that cardioblast precursors in the posterior of each segment acquire ostia, or heart valve fate (Ponzielli et al., 2002) . The Integrins and Slit function during the assembly of the heart, and are required for cardiac cell alignment and heart lumen formation (MacMullin and Jacobs, 2006; Medioni et al., 2008; SantiagoMartinez et al., 2008) . As the mutant phenotypes resulting from lesions in each of these pathways are readily distinguished, we postulated that the syndecan (sdc) mutant phenotype, and phenotypic interactions between sdc and heart specification genes would reveal functionalJ. B2-3-20, provided by E. Bier, is a lacZ enhancer trap line that was used to visualize the cardial cell nuclei (Bier et al., 1989) . The following GAL4 and UAS lines were used for ectopic expression and knockdown experiments: dMef2-GAL4 from the Bloomington Stock Center, UAS-Sdc and UAS-Sdc-GFP from G. Vorbrüggen (Chanana et al., 2009) , and UASSdc RNAi (13322) from the Vienna Stock Center.
Immunohistochemistry
Immunohistochemistry techniques were adapted from Patel(1994) . Embryos were collected, dechorionated, fixed and incubated in primary antibody diluted in phosphate-buffered saline (PBS) containing 0.5% Triton X-100 and 10% normal goat serum. β-galactosidase was detected with a chicken antibody (MacMullin and Jacobs, 2006). The following monoclonal antibodies were obtained from the Developmental Studies Hybridoma Bank: anti-Robo (1:30) anti-Slit (1:30) anti-αSpectrin (1:30), anti-Discs Large (1:30), anti-Pericardin (1:30). Antibodies for cardial lineage markers Tinman, Even-skipped, Ladybird, Seven-up and Zfh-1 were contributed by Manfred Frasch, Christophe Jagla, Yash Hiromi and Zhi-Chun Lai, respectively. Embryos were incubated in fluorescent secondary (1:150 dilution, Alexa 488, Alex 594; Molecular Probes). Anti-βgal was detected using biotinylated secondary antibody (1:150) (Vector Laboratories) followed by incubation with Vector Laboratories Elite ABC and 3, 3-diaminobenzidine tetra hydrochloride (DAB, Gibco-BRL). Embryos were visualized by confocal microscopy using a Zeiss LSM510 or a Leica SP5 microscope. All images shown are projections of 3 to 5 optical sections, processed using ImageJ and Adobe Photoshop. Thick sections of immuno-labeled embryos were generated from Araldite embedded embryos, sectioned with a RMC microtome.
Quantitative scoring of the severity of heart phenotype was adapted from MacMullin and Jacobs(2006) . Briefly, the presence or absence of defects acquired late in development, including, twists, lumen blisters, midline crossings of cardioblast cells, delayed cardioblast migration events, nuclei flattening, and lumen reduction was counted in 20 or more embryos at stages 16 and 17. Late severity was calculated as the averaged number of defects per embryo. Gaps in the row of cardioblasts, counted separately, represent defects acquired early in development. Penetrance is the fraction of embryos with two or more early or late defects.
Fluorescence in situ hybridization (FISH)
Sdc probe was generated from the nucleotides 116-1002 of the transgene (Chanana et al., 2009 ). DIG-11-UTP (Roche) labeled antisense RNA probes were synthesized from T3 promoter flanked PCR template. Embryo fixation, post fixation, FISH, and controls were performed as previously reported, and replicated 3 times (Lecuyer et al., 2008; Lecuyer et al., 2007) . Biotin-conjugated anti-DIG antibody (Jackson ImmunoResearch) bound to the hybridized probe, was incubated with streptavidin-HRP conjugates (Molecular Probes). The embryos were stained with Cy3 tyramide conjugates (Molecular Probes) to detect specific RNA localization signals in green via HRP-mediated tyramide signal amplification (Molecular Probes). For the SDC in situ and dMEF2 antibody staining, the protocol omitted the proteinase K treatment, and embryos were incubated with cold 80% acetone for 10 minutes at −20°C. The dMEF2 antibody was diluted 1:2000. Images were acquired on a Quorum spinning disk confocal, on an Olympus IX81 microscope. Contrast enhancement was performed within Volocity 5.4.2 to enhance the image signal-to-noise.
Western blot
Syndecan-GFP protein was isolated from the heads of adults, regulated by GMR-GAL4. Proteins were extracted from adult heads in buffer containing 50 mM Tris (pH 7.5), 125 mM NaCl, 1.5 mM MgCl 2 , 5% glycerol, 0.2% NP-40, 1 mM DTT, 1 mM EDTA and protease inhibitors (Roche). Proteins were separated by SDS-Page and blotted on a PVDF membrane, subsequently incubated in anti-GFP antibody (1:1000) (Molecular Probes) and anti-actin (1:1000) (Millipore), and visualized by electrogenerated chemiluminescence (Pierce ECL Western blotting substrate).
Live embryo imaging
Embryos were imaged on a Leica DMI 6000 B spinning disk confocal microscope equipped with a Hamamatsu C9011-12 EMCCD camera, employing Volocity4 software (Quorum Technologies). Embryos were prepared as described previously (Brodu et al., 2004) . Migration speed of randomly chosen cardioblasts, one per leading edge, was calculated without correction for the curvature of the embryo.
Results

Syndecan mutants develop early and late heart morphogenesis defects
Assembly of the Drosophila heart is physically linked to dorsal closure of the embryonic ectoderm. Heart cells, which comprise the leading edge of migrating mesodermal cells, maintain contact with the dorsally migrating ectodermal leading edge from stages 13 through 16 (reviewed by Medioni et al., 2009; Tao and Schulz, 2007) . We track the dorsal and medial progress of the cardial cells with the B2-3-20 enhancer trap, revealing an ordered and continuous row of cardial cell nuclei at all stages (Fig. 1A, C (Fig. 1B, D , F, H, arrows) . Clumps of cells were frequently found at the end of these gaps (Fig. 1D) ; however, cell counts indicate that they were not sufficient to account for all of the misplaced cardial cells. Employing a GFP reporter of tail-up expression (tup-GFP), we identified most of the 108 cardioblasts in wild-type embryos (106 ± 2, n = 12 embryos), while significantly fewer cardioblasts, (75 ± 7 n = 17, p b .0001) and pericardial cells were identified ) are shown to the right, for stages 13(B), 14(D), 16 (F), and 17(H). At all stages, cell migration in sdc mutants appeared to be normal, apart from gaps (arrows) and clumps in the leading edge of migrating cells, which persisted through embryogenesis. Expression of double stranded RNA for sdc in developing muscle, regulated by the dMEF2 enhancer, generated a phenocopy of cardial cell gaps (I). Expression of the sdc transgene in developing muscle rescued the sdc cardial phenotype (J). Anterior is at left in all panels; Calibration: 50 micrometer.
in sdc 97 embryos. Cell reduction was noted at the earliest stage of reporter expression. Published studies of Syndecan immunolabeling did not describe Syndecan expression in the Drosophila heart (Johnson et al., 2004; Spring et al., 1994) . We therefore examined the distribution of sdc transcript, compared with the distribution of dMEF2 protein ( Fig. 2C-F) . Sdc is broadly expressed, but levels are not equal in all tissues. Sdc labeling is enriched in the mesoderm during gastrulation ( Fig. 2A, B ) and germ band retraction, including the dMEF2 expressing cardioblasts ( Fig. 2C-F) .
We further tested for sdc function in the heart genetically, and established two lines of evidence for its function in mesoderm. First, expression of a double-stranded RNA transgene to sdc targeted to muscle and heart cells recapitulated the sdc heart phenotype ( Fig. 1I , Table 1 ). Second, the heart assembly phenotype of sdc 97 mutants was restored by expression of an sdc transgene in muscle and heart cells ( Fig. 1J , Table 1 ). We have verified that the dsRNA reduced Sdc protein levels by performing a Western blot of Sdc-GFP expressed in the heads of adult Drosophila ( Supplementary Fig. S1 ). Nevertheless, the sdc 97 and sdc 23 alleles may also compromise function of the adjacent gene, sara, which plays a role in TGF-β signaling (Bennett and Alphey, 2002; Steigemann et al., 2004) . We therefore examined heart development in embryos heterozygous for sdc and homozygous for sara (sdc 23 /sara
250
) as well as in embryos homozygous for both sdc and sara, but with superimposed expression of sara (sdc (Johnson et al., 2004) . These tests revealed a genetic interaction between sdc and sara in the early gap phenotype ( Supplementary Fig. S2 ), but not in the late heart assembly phenotype (late severity, Table 4 ). Furthermore, the genetic interactions we report here for sdc were not seen in sara
. Nevertheless, we cannot exclude the possibility that reduced sara function in sdc 23 and sdc 97 contributed to the genetic interactions documented in Tables 1-4 . The rescue of the sdc 97 phenotype with an sdc transgene ( Fig. 1J ), and recapitulation of the sdc phenotype with double stranded RNA targeting SDC (Fig. 1I ) suggest that sdc is responsible for the sdc 97 heart assembly phenotype.
Sdc contributes to cardioblast specification
The segmental pattern of missing cardioblasts may reflect a failure to specify all or a subset of dorsal mesoderm, or misplacement of specified cells. We therefore tracked cells of the dorsal mesoderm in sdc mutants. We determined that there were segmental gaps in the expression of Tinman, normally expressed in 8 cardioblasts per segment, as well as gaps in Ladybird and Eve labeling, which both depend on Tin for expression (Fig. 3A, C, D) . Similarly, segmental gaps in Seven-up, expressed in the ostia, and in Zfh-1 (Fig. 3B, E) , expressed in the pericardial cells, indicated that gaps represent a loss of all heart cells in that hemisegment. dMEF2 labeling of somatic muscle nuclei reveals Fig. 2 . Syndecan transcript is expressed in the developing heart. A and B (higher magnification), gastrulating embryo at stage 7 (s7) showing Sdc RNA enriched at the mesoderm (ms). C to F, single confocal images of lateral/dorsal oriented embryos stained for dMEF2 antibody (green) and Sdc RNA (red). At all these stages SDC can be seen as puncta and diffuse cytoplasmic staining. The images show the ectoderm (ec), the yolk (yk) and dMEF2 positive cells, including cardioblasts (cb). Sdc puncta are found close to cardioblast nuclei (arrows) as well as in the cytoplasm (asterisk). Calibration: 10 micrometer.
Table 1
Heart defects in Syndecan mutants and interactions with Slit and Slit receptors. In this and subsequent tables, late severity refers to defects acquired late in development, while gaps are acquired early in development (see Materials and methods). Gaps representing complete loss of hemisegments are indicated with an asterisk (*). Interactions that are both severe and penetrant are shaded. normal numbers, indicating that other lineages of the dorsal mesoderm are not affected in sdc mutants (Fig. 3F) . Syndecan is implicated in diverse ligand interactions, some of which act during cardiac cell specification. We therefore surveyed genetic interactions between sdc and mutations for the receptors or ligands of other signaling pathways that act in early heart development. Cell gap phenotypes with low penetrance were uncovered between sdc 97 and mutations in the Wingless (wnt
2L
, wg l-17, 1-12, Sp-1 ), BMP (dpp H46, s4,d-ho ) and the Notch (N 55e11, 264-39 ) pathway but not the
) pathways (Table 4) . Single cell gaps predominated in wg and dpp interactions with sdc, while heterozygotes with hh revealed occasional twists in the heart (Fig. S3 ). These phenotypes do not reflect altered gene function during cardiac cell determination, when Hedgehog, Wingless, Decapentaplegic and Notch act in the heart (Bryantsev and Cripps, 2009 ). Therefore, we did not interpret these interactions with sdc as being specific to the cardiac cells, and have not explored them further.
However, a unique phenotype was encountered in embryos doubly heterozygous for sdc and the FGF receptor mutant, Heartless (htl AB42 ), in which the nucleus of a few cardioblasts became condensed, rounded, and dissociated from the leading edge (Fig. 4F) . Most heart cells are missing in embryos mutant for htl, and the remaining cells have similar pyknotic nuclei (Fig. 4D) . The leading edge of the migrating mesoderm is closest to the ectoderm producing the Htl ligand, Pyramus (pyr). Embryos mutant for pyr have a heart phenotype strikingly similar to sdc, in which several gaps in the leading edge of cardioblasts are found, generally beginning and ending at the segment boundary (Kadam et al., 2009; Klingseisen et al., 2009 ), (Fig. 4C) . The similar phenotype suggests a model wherein Syndecan facilitates Pyramus activation of the Heartless receptor, which we explored by examining the phenotypic interaction of pyr and sdc mutants. Embryos doubly heterozygous for sdc 97 and pyr 02915 revealed gaps in cardioblasts at low frequency (Fig. 4E) . Similarly, a haplosufficiency in sdc did not significantly enhance the homozygous pyr 02915 phenotype, wherein 1.3% of complete hemisegments were missing (Fig. 4C, H) . These data may reflect partial function of the pyr 02915 allele and the sensitivity of pyr to gene dosage.
More significant reductions in sdc function revealed more than additive deficits in heart cell specification. Embryos homozygous for sdc 23 and heterozygous for pyr 02915 were missing all cardioblasts in 13.8% of the hemisegments assessed, (n = 20 embryos; Fig. 4G ), whereas 3.7% of hemisegments were absent in sdc
97
. Therefore sdc enhances the distinct phenotypes of pyr and htl, suggesting that Syndecan contributes to Heartless signaling during heart cell specification.
After gastrulation, the mesoderm forms a monolayer against the ventral ectoderm, before both cell types migrate dorsally to enable dorsal closure (McMahon et al., 2010) . The mesodermal FGF receptor Heartless responds to Pyramus ligand secreted by the dorsal-most ectodermal cells. Reduced htl or pyr function may disrupt or delay the formation of the mesodermal monolayer (McMahon et al., 2010) . If Sdc contributes to Htl signaling, sdc mutants may also have altered monolayer formation. In contrast to the uniform bilateral spreading of Twist expressing mesodermal cells seen in wildtype (Fig. 5A, C) , some segments of sdc 97 embryos had delayed monolayer formation, and an asymmetric distribution of mesodermal cells (Fig. 5B, D) . This further supports a model of Syndecan contributing to Heartless signaling.
Syndecan interacts genetically with Slit, and Integrin function
Sdc binds to Slit (Chanana et al., 2009) , and like sli, is required for heart lumen formation (Fig. 6) . To explore the possibility of a common or complementary function in late heart morphogenesis, we proceeded with an analysis of their phenotypes and genetic interactions. . In particular, pericardial cells were less regularly spaced than wildtype, and some pericardial cells may have migrated over the cardioblasts, towards the dorsal midline, and the contralateral heart cells (Supplementary Videos S2, S3) .
A key feature of Slit and Integrin function in heart morphogenesis is the formation of a midline lumen between apposing cardioblasts, established during late stage 16 (MacMullin and Jacobs, 2006; Qian et al., 2005; Santiago-Martinez et al., 2006) . We examined lumen formation in sdc mutants to characterize the role of Syndecan in late heart development. In contrast to a well developed lumen in wildtype (Fig. 6A ), both sli 2 and sdc 97 hearts completely lack a lumen (Fig. 6B, C ).
This provides further evidence for Syndecan function in the cardioblasts.
In support of this hypothesis, we succeeded in re-capitulating the sdc mutant phenotype with RNAi mediated knockdown of Syndecan, restricted to muscle and heart cells with the MEF2 enhancer ( Fig. 6D heterozygote (Fig. 7B, C) . For both genotypes, crossover of midline cells (resembling a sli phenotype) and gaps in the cardioblast row (resembling an sdc phenotype) were the most common defects. We did not see a genetic interaction in sdc/robo 1 or sdc/lea 54-14 embryos (data not shown).
This was anticipated based upon previous reports of intergenic compensation between these two receptors (Qian et al., 2005) . The more penetrant sdc/sli 2 interaction was suppressed by super-imposed expression of either a slit or sdc transgene with dMEF2-GAL4, linking the interaction to cardioblast gene expression ( Table 1 ). Given that slit interacts genetically with genes for adhesion as well as the ECM, and that both Slit and Syndecan are glycoproteins, we sought to test for interactions between sdc and genes encoding either extracellular or intracellular adhesion proteins. We found severe and fully penetrant interactions between sdc and the only Integrin dimer expressed in the heart, αPS3 (scb) and βPS1 (mys) ( Fig. 7D; Table 2 ). Although the Integrins are required for dorsal closure, closure was normal in heterozygotes. However, twists, gaps and cross-overs of the cardioblasts were frequent defects. Slit interacts genetically with the three known Integrin ligands, collagen IV (vkg), lamininA (lanA) and lamininW (wb) (MacMullin and Jacobs, 2006) . In this study, we observed an interaction between sdc and these three ECM mutations, with similar kinds of heart malformations ( Fig. 7E, F ; Table 2 ). However, the sdc interaction with Integrin ligands was weaker than that reported between slit and the same ECM alleles (MacMullin and Jacobs, 2006) .
Signaling from Integrins and from Robo employs second messengers which also reveal genetic interactions with slit (MacMullin and Jacobs, 2006) . In this study, we have tested the same second messenger alleles to determine whether sdc function can influence intracellular signaling. For both sdc and sli, the strongest interactions were detected with Integrin linked messengers ras and ilk, and not for Robo linked messengers dab or dock (Fig. 7G, H, I ; Table 3 and data not shown). None of the candidates for genetic interaction with sdc had semidominant heart development phenotypes (Supplementary Table S1 ).
Syndecan is required for cardioblast cell polarization
Lumen formation in the Drosophila heart is the culmination of a cell polarization sequence that generates a non-adherent apical domain that secretes luminal proteins. Apicalization of Slit and Robo proteins is required in this sequence (Medioni et al., 2008; SantiagoMartinez et al., 2008) . The distribution of transgenically expressed Sdc-GFP reflected the pattern of Robo and Slit immunolabeling. GFP tagged Sdc expressed in the cardiac cells was distributed uniformly during migration (Fig. 8A, B) and during first contact between contralateral cardiac cells (Fig. 8D ) yet after vessel formation, the fluorescence was concentrated on the luminal surface (Fig. 8C, E) .
These data suggest that the apicalization of both Robo and Sdc is required for lumen formation. We therefore explored whether Sdc was required for cardioblast apicalization by comparing the distribution of luminally targeted proteins in hearts of embryos mutant for sdc and sli. In wildtype, Robo, and its ligand, Slit, was concentrated on luminal facing domains of cardioblast cells at stages 16 and 17 (Fig. 9A, D) . In contrast, Robo was distributed over the entire cell surface in embryos mutant for sdc and sli (Fig. 9B, C) . Similarly, Slit and Robo failed to apicalize in sdc mutants, regardless of whether the cardioblasts contacted their contralateral partners (Fig. 9B, E, asterisk) or not (arrowhead).
Discs-large (Dlg), a membrane associated guanylate kinase, is required to establish the protein scaffolds that underlie apical polarity (Assemat et al., 2008; Woods and Bryant, 1991) . In wildtype hearts, Dlg concentrated on the apical and apico-lateral domains (Fig. 9G) . In both sdc and sli mutants, Dlg protein was detected ectopically on both the presumptive apical and basal membranes (Fig. 9H, I ). A component of the membrane skeleton, α-Spectrin, normally has a distribution similar to that of Dlg, and again in sdc and sli mutants, the entire inner cell surface immuno-labeled for α-Spectrin (data not shown).
Finally, we examined the distribution of Pericardin, a matrix protein secreted by the pericardial cells that normally flank the cardioblasts laterally . In wildtype, this protein was not detected in the midline cardioblast domain (Fig. 9J) , while in both sdc and sli mutants, Pericardin was more randomly distributed, including around and between cardioblasts (Fig. 9K, L) . Together, all the cell polarity markers examined revealed a loss of apicalization in sdc mutants that matched the sli heart phenotype.
Discussion
Sdc has two distinct functions in heart morphogenesis
Embryos that lack sdc function, either by mutation or by RNA depletion, reveal segment long gaps in cardial and pericardial cells, . By late stage 9, the migrating mesoderm has formed a monolayer over the entire ectoderm and emerging neuroblast layer in wildtype embryos (C), which is not seen in all segments of sdc mutant embryos (D). 7 micrometer sections, calibration: 20 micrometer. Fig. 6 . Syndecan is required for lumen formation in the Drosophila heart. Cardial cells (brown nuclei) and the heart lumen (arrow) were identified in 1.5 micrometer transverse sections from abdominal segments 6 or 7 of stage 17 Drosophila embryos expressing the B2-3-20 enhancer trap. A lumen was absent in embryos mutant for slit (B) and sdc (C), and in embryos where sdc RNAi was expressed in developing muscle with the dMEF2 enhancer (D). Partial restoration of the lumen was observed in sdc mutants expressing the sdc transgene under dMEF2 regulation (E). Calibration: 20 micrometer. Fig. 7 . Syndecan function interacts genetically with genes for adhesion signaling and Slit signaling. Stage 17 embryos heterozygous for a null allele of sdc have normal heart development (A). Embryos doubly heterozygous for sdc and sli (B) or the Slit receptors robo and lea (C) had irregularities in the midline alignment of cardial cells and gaps (black arrow in all panels) in the leading edge of cardial cells. Similarly, embryos doubly heterozygous for sdc and the PS3 Integrin, scb, had gaps and midline crossover of cardial cells (black arrowhead, D). Loss of one copy of extracellular matrix genes for type IV collagen (vkg, E) or lamininW (wb, F) resulted in small unilateral gaps in cardial cells. Of embryos also heterozygous for second messengers required for adhesion signaling, such as Ras (ras, G), integrin linked kinase (ilk, H), and talin (rhea, I), ilk/sdc and ras/sdc transheterozygotes revealed a cardial cell elongation phenotype (white arrowhead in G). Heart cells identified with the B2-3-20 enhancer trap. Calibration: 25 micrometer. evident at early stages of cardial cell marker expression. Cardioblast specification was restored in sdc mutants by expression of Sdc regulated by dMEF2-GAL4 (Fig. 1J) . Activity of this enhancer is first detectable at stage 9, during cardioblast specification. The striking similarity with the pyramus mutant phenotype, and the genetic interaction with htl pathway mutants strongly suggest a contribution of mesodermal Sdc to signaling before or during heart cell specification. Many hours later in development, another phenotype emerges in sdc mutants-the failure of the heart to develop a lumen, and the loss of apicalization of Robo and Slit protein. The similarity of this phenotype with Slit pathway mutations, and the genetic interaction between slit and sdc indicate that sdc function is required for apicalization of the Slit-Robo signaling complex. The relationship of Syndecan with FGF and Slit signaling pathways is explored further below.
Syndecan may influence multiple signaling pathways
The assembly of the Drosophila heart depends upon the integration of multiple inductive and morphogenic signals, and is therefore sensitive to perturbations in signaling in major signaling pathways, including the Notch, Hedgehog, Wingless, Decapentaplegic (BMP) and Integrin pathways(reviewed by Bryantsev and Cripps, 2009; Tao and Schulz, 2007) . The simple and segmentally patterned structure of the dorsal vessel makes it a sensitive assay for genetic interactions affecting organogenesis. Our survey of interactions between mutations in these pathways and sdc suggest that Syndecan may have more diverse functions beyond the Slit and FGF pathways. The lower penetrance of these interactions with sdc, and the relatively minor phenotype of double heterozygotes may reflect functional redundancy of Sdc with other HSPGs. Furthermore, the genetic interactions may also reflect the confluence of different signals on common developmental events.
Sdc heterozygotes also heterozygous for the alphaPS3 Integrin (scb), or ECM ligands laminin (wb) and type IV collagen (vkg) have penetrant and severe phenotypes reflecting altered morphogenesis: midline crossover of heart cells, blisters and single cell gaps. This is the first report of a genetic interaction between sdc and Integrin function in Drosophila. However, a well characterized requirement for mammalian Syndecan-4 in the stabilization of focal adhesions has been studied in murine fibroblasts (Lim et al., 2003; Saoncella et al., 1999) . This is the only Syndecan demonstrated to activate cytoplasmic signaling. Given the similarity of the sli/sdc (MacMullin and Jacobs, 2006) and the scb/sdc genetic interactions, we believe that the Fig. 8 . Syndecan concentrates apically in post-migratory cardioblasts. Syndecan-GFP expression regulated by dMEF2-GAL4 is distributed uniformly over the surface of stage 15 migrating cardioblasts, revealed in a dorsal view of the embryo's right half, with anterior at left (A) and in a X-Z section at stage 15 (B). At stage 17, during lumen formation, Sdc-GFP fluorescence localizes on the luminal and apico-lateral surface of the cardioblasts (arrowhead in C), while parts of the heart with delayed lumen assembly have more symmetric distribution of Sdc (arrow). The dMEF2 enhancer directs gene expression to higher levels in presumptive ostia (asterisk). At stage 16, as cardioblasts first contact their contralateral partners, Sdc-GFP fluorescence is uniformly distributed around the cell, seen in X-Z section (D). At stage 17, most fluorescence is concentrated at the midline (E). Asterisk marks the embryo's right cardioblast nucleus, and the white arrowhead identifies the dorsal midline in panels B, D and E. Calibration: 5 micrometer in D, E.
influence of Integrin on Slit signaling is also sensitive to Syndecan activity, and not necessarily evidence of outside-in signaling by Sdc. Integrin activity is also required for proper mesodermal migration after gastrulation. Modified Integrin function impairs the ability of heart progenitors to be properly located to receive FGF (Pyramus) and BMP (Decapentaplegic) signals (McMahon et al., 2010) .
Early sdc function is linked to FGF/Heartless signaling
The FGF receptor Heartless is expressed in the mesoderm, and is responsive to two FGF8-like ligands secreted by the ventral and lateral ectoderm, Thisbe and Pyramus (Kadam et al., 2009; Klingseisen et al., 2009 ). Both are required for early mesodermal spreading after Fig. 9 . Syndecan is required for cardial cell apicalization. The subcellular localization of asymmetrically localized heart proteins was compared between wildtype (left column), sdc mutants (center column), and slit mutants (right column) at stage 17. In wildtype, Robo protein is concentrated at the luminal surface of the cardial cells (arrow, A), while it is expressed on apical, lateral and basal surfaces of contralaterally unpaired (arrowhead) and paired (asterisk) cardial cells in both sdc (B) and slit (C) mutants. Similarly, Slit protein is found on the luminal surface of wildtype cardial cells (D), and surrounding the cell in the sdc mutant (E). Dlg is concentrated at the apical (arrow) and apical-lateral surfaces of wildtype cardial cells (G) while excluded from basal and baso-lateral membrane. Dlg is concentrated laterally in sdc mutants (arrow, H) and is found on all cell surfaces in sli mutants (I). In wildtype, Pericardin accumulates between the basal cardial cell and apical pericardial cell membranes, and is excluded from the luminal zone (arrow, J). Pericardin is found in the luminal zone (arrow) and surrounding cardial cells in sdc mutants (K), and to a lesser degree in sli mutants (L). Green labels nuclear β-galactosidase in cardial cells with the B2-3-20 enhancer trap. Calibration in (L) is 10 micrometer. gastrulation; however, only the more dorsally expressed Pyramus is required for establishment of cardiac cell fates. Eve expression in prospective pericardial cells is not induced in pyr mutants, and Ladybird, a gene downstream of Tinman, is not expressed in isolated hemisegments (Kadam et al., 2009; Klingseisen et al., 2009) . Tinman expression requires Dpp signals from the dorsal ectoderm, but this signal is reduced if mesodermal cells fail to migrate laterally and dorsally, which requires Integrin and htl function. It is likely that the lack of Tinman expressing cells in htl mutants is due to a failure of the mesoderm to migrate to a position where patterning signals instruct heart cell induction (Beiman et al., 1996; Jagla et al., 1997) .
Like pyr, sdc mutants fail to induce all cardioblasts in isolated hemisegments, suggesting a shared function. This hypothesis is supported by the genetic interaction between pyr and sdc, as well as between htl and sdc. It remains possible that Sdc function through the Dpp pathway could be responsible, as early cell loss phenotypes were also seen when gene dosage was altered in dpp and sara. However, only sdc interactions with FGF pathway genes resulted in the loss of complete hemisegments. We believe that the hemisegmental gap phenotype is specific to sdc and not sara, which is also affected in sdc 97 and sdc 23 (Steigemann et al., 2004) . The sdc phenotype was also generated by RNA depletion of SDC in muscle lineages, and it was rescued by sdc transgene expression in muscle lineages. The presence of a genetic interaction between sara 250 and sdc in the heart may reflect reduced sdc expression in the sara 250 allele, or an effect of sara on Dpp signaling (Bennett and Alphey, 2002) . Previous studies have demonstrated a requirement of HSPG in FGF signaling in Drosophila (Lin et al., 1999) , but our report is the first to suggest a role for sdc in Htl signaling. Vertebrate Syndecans bind and concentrate FGFs, forming a ternary signaling complex with FGF-Rs (Deepa et al., 2004; Yayon et al., 1991) . HSPG binding by FGF-R1 requires basic amino acids in the D2 Ig-like domain (Schlessinger et al., 2000) . Similarly placed lysine and arginines (K153, R154, 156) in Drosophila Htl may reflect a conserved affinity among FGF receptors for HSPGs, suggesting that Drosophila Syndecan participates in a ternary complex with Htl and Pyr.
Late sdc function is linked to Slit/Robo signaling Studies on midline axon guidance have demonstrated a role for sdc in the receiving cell in establishing a gradient of Slit originating from the midline of the ventral nerve cord (Chanana et al., 2009; Johnson et al., 2004) . In this context, Sdc can amplify signaling by concentrating the exogenous ligand (Slit) in a ternary complex with the receptor (Robo). In the heart, both Slit and Robo are synthesized by cardioblasts, and are distributed over the entire surface of cells during migration, later concentrating at the luminal surface during vessel morphogenesis (Medioni et al., 2008; Qian et al., 2005; Santiago-Martinez et al., 2008) . We propose that Sdc is similarly distributed, for two reasons. First, studies of Sdc distribution in the blastoderm locate Sdc apically (Bellin et al., 2002) . Second, we report that a GFP tagged Sdc transgene is expressed over the entire cell during migration, and then concentrates apically during lumen formation (Fig. 8) . The GFP tag masks Sdc's cytoplasmic PDZ binding domain, yet it is possible that Sdc apicalization may occur by virtue of its inclusion in a ternary complex with Slit and Robo. The Slit-Robo complex associates with PDZ containing neurexin, and like sdc, nrxIV mutants fail to form a heart lumen (Banerjee et al., 2010; Yi et al., 2008) , suggesting that much remains to be learned about the assembly of this complex.
Cardioblasts that lack NrxIV or Sdc fail to apicalize Slit and Robo, and fail to form a lumen. It is possible that this receptor trio is required to raise Robo signaling sufficiently to trigger the events of lumen formation. Similarly, Sdc could be involved in other signaling complexes that act during apicalization and those may be instructive in locating Robo and Slit. In this context, the sensitivity of both sdc and sli function to mutations in Integrin receptors and ligands implicates other pathways by which contact with contralateral cardioblasts trigger lumen formation.
Supplementary materials related to this article can be found online at doi:10.1016/j.ydbio.2011.04.006.
